The diquark has been considered to be important effective degree of freedom in hadron physics, especially for multi-quark physics and the structure of heavy hadronic states. Using the Schwinger-Dyson formalism, we investigate the non-perturbative effect of gluons for a scalar diquark with renormalization-group improved coupling in the Landau gauge. Here, we treat the scalar diquark as an effective degree of freedom with a peculiar size, while the diquark is originally a bound-state-like object of two quarks. Since the diquark has a non-zero color charge, it still strongly interacts with gluons. We evaluate the gluonic non-perturbative effect to the diquark, considering the size effect of the diquark. We investigate the mass function of the diquark in both cases with a constant bare diquark mass and twice of the running quark self-energy. It is found that the diquark, especially the small diquark, obtains a large effective mass by the gluonic dressing effect. The scalar diquark mass seems to be dynamically generated by the non-perturbative effect, although it does not have chiral symmetry explicitly.
Introduction
Recent experiments have discovered many heavy hadronic states including exotic states, which cannot be understood as ordinary hadrons [1] . In order to describe the structure of their states, the diquark is considered as an effective degree of freedom. For the diquark, the most attractive channel by the one-gluon exchange is the color and flavor anti-triplet3 3 3 c, f and spin singlet with even parity 0 + . If the diquark correlation is developed in a hadron such as a heavy baryon (Qqq), this scalar diquark channel would be favored. The diquark is made by two quarks with gluonic interaction, and it still strongly interacts with gluons because of its non-zero color charge. The dynamics of diquark and gluons may affect the structure of a hadron.
In quark-hadron physics, the Schwinger-Dyson (SD) formalism is often used to evaluate the non-perturbative effect based on QCD [2, 3, 4] . We apply the SD formalism to the scalar diquark with its peculiar size, and investigate the effective diquark mass, which reflects a non-perturbative dressing effect by gluons. The diquarks are sometimes treated as point-like object or local boson fields. However, the diquark must have an effective size, since it is a bound-state-like object inside a hadron. Therefore, we investigate also the size effect of the diquark for its dynamics.
The Schwinger-Dyson Equation for the Scalar Diquark
We consider the scalar diquark as an effective degree of freedom with a peculiar size like a meson, assuming it to be an extended fundamental field φ (x) [5] . The scalar diquark interacts with gluons since it has non-zero color charge and is affected by non-perturbative gluonic effects [6] .
To evaluate the non-perturbative effect, we take the Schwinger-Dyson (SD) formalism with the rainbow-ladder truncation with the Higashijima-Miransky approximation α s ( 
with an infrared regularization of a simple cut at p IR ≃ 640 MeV which leads to ln(p 2 IR /Λ 2 QCD ) = 1/2, and the QCD scale parameter Λ QCD = 500 MeV [3, 4] . To include the size effect of diquark, we introduce a simple form factor in the 4D Euclidean space as
where the momentum cutoff Λ corresponds to the inverse of the diquark size R, and we here set R ≡ Λ −1 . The size effect of the diquark can be included in the vertex as
The SD equation for the scalar diquark with the bare diquark mass m φ is diagrammatically expressed as Fig. 1 and is written by 
Numerical Result

The Parameters in the Diquark Theory
The bare mass m φ and the size R (inverse of cutoff Λ) are free parameters of the diquark theory. Since the diquark is originally made of two quarks, the bare diquark mass can be simply considered as twice of the quark mass. In this paper, we consider two cases of the bare diquark mass. One is twice of the constituent quark mass, i.e., m φ = 600 MeV. The other is twice of the running quark self-energy, i.e., m φ (
is determined by the SD equation for single quark [2, 3, 4] . We also consider two cases of the diquark size R corresponding to the cutoff Λ. One is the typical size of a baryon R = 1 fm, i.e., Λ = 200 MeV, which gives the upper limit of the size (the lower limit of the cutoff). The second is the typical size of a constituent quark R ≃ 0.3 fm, i.e., Λ = 600 MeV, which gives the lower limit of the size (the upper limit of the cutoff).
The Constant Bare Mass Case
We first show in Fig. 2 the case of the constant bare mass m φ = 600 MeV with dependence on the diquark size R. The diquark self-energy Σ(p 2 E ) is always larger than the bare mass m φ and almost constant except for a small bump structure at an infrared region. The value of the self-energy strongly depends on the size R, e.g., the "compact diquark" with R ≃ 0.3 fm has a large mass. 
The Running Bare Mass Case
We show in Fig. 3 the case of the running bare mass m φ (p 2 E ) = 2Σ q (p 2 E ) with dependence on R. The diquark self-energy Σ(p 2 E ) also strongly depends on the diquark size R. In the low-momentum region, the behavior of Σ(p 2 E ) reflects the running property of the bare mass, especially in the R = 1 fm case, the gluonic effect seems to be small, because of Σ(p 2 E ) ≈ 2Σ q (p 2 E ). In the high-momentum region, the diquark self-energy keeps a large finite value, while the bare mass m φ (p 2 E ) goes to zero. This suggests the mass generation of the scalar diquark by the gluonic radiative correction [6] . 
Dynamical Mass Generation without Chiral Symmetry
Finally, we consider the zero bare-mass case of diquarks, m φ ≡ 0. The result is shown in Fig. 4 for the two cases of R = 1 fm and R ≃ 0.3 fm on the diquark effective size. The self-energy Σ(p 2 E ) is always finite and takes a large value even for m φ ≡ 0. The mass generation mechanism in QCD is usually considered in the context of spontaneous chiral symmetry breaking. On the other hand, our scalar-diquark theory is composed by an effective scalar-diquark field φ (x) and does not have the chiral symmetry explicitly, although the original diquark is constructed by two quarks.
We consider that QCD has several dynamical mass-generation mechanism, even without chiral symmetry breaking. For example, while the charm quark has no chiral symmetry, some difference seems to appear between current and constituent masses for charm quarks: the current mass is m c ≃ 1.2 GeV at the renormalization point µ = 2 GeV [1] , and the constituent charm quark mass is M c ≃ 1.6 GeV in the quark model. Furthermore the gluon is more drastic case. While the gluon mass is zero in perturbation QCD, the non-perturbative effect of the self-interaction of gluons seems to generate a large effective mass of 0.6 GeV [7] , and the lowest glueball mass is about 1.6GeV. Although the heavy quark and gluons do not have the chiral symmetry, they obtain large effective mass by non-perturbative effects. In this sense, the scalar diquark mass can be also generated by the gluonic effect. Thus, we consider that the mass generation mechanism is a general property of the strong interacting theory, and one typical mass generation is given by spontaneous chiral-symmetry breaking, which is also caused by the non-perturbative interaction. 
Summary
We have investigated the gluonic dressing effect to the scalar diquark, considering the size effect of the diquark in a hadron. The non-perturbative effect is evaluated in the Schwinger-Dyson (SD) formalism in the Landau gauge. Since the diquark is located inside a hadron, the diquark size R must be smaller than the hadron (∼ 1 fm) and larger than the constituent quark (∼ 0.3 fm). We have considered two cases of the constant bare mass m φ = 600 MeV and the running bare mass m φ (p 2 E ) = 2Σ q (p 2 E ). The diquark self-energy strongly depends on the size R = Λ −1 in both cases, especially the small diquark (R ≃ 0.3 fm, i.e., Λ = 600 MeV) obtains a large effective mass by the gluonic dressing effect.
We find that the effective diquark mass is finite and large even for the zero bare-mass case, and the value strongly depends on the size R, which is an example of dynamical mass generation by the gluonic dressing effect, without chiral symmetry breaking.
